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We present a probable experimental signature of collective enhancement in the nuclear level
density (NLD) by measuring the neutron and the giant dipole resonance (GDR) γ rays emitted from
the rare earth 169Tm compound nucleus populated at 26.1 MeV excitation energy. An enhanced yield
is observed in both neutron and γ ray spectra corresponding to the same excitation energy in the
daughter nuclei. The enhancement could only be reproduced by including a collective enhancement
factor in the Fermi gas model of NLD to explain the neutron and GDR spectra simultaneously.
The experimental results show that the relative enhancement factor is of the order of 10 and the
fadeout occurs at ∼ 14 MeV excitation energy, much before the commonly accepted transition from
deformed to spherical shape. We also explain how the collective enhancement contribution changes
the inverse level density parameter (k) from 8 to 9.5 MeV observed recently in several deformed
nuclei.
PACS numbers: 24.30.Cz,24.10.Pa,25.70.Gh, 21.10.Ma
The atom, consisting of a tiny nucleus of protons and
neutrons surrounded by a cloud of electrons, is respon-
sible for nearly all the properties of matter that have
shaped the world around us. Although, the atomic prop-
erties are governed by the electronic structure, its exis-
tence is decided by the nucleus. It is a complex quantal
system which is held together by the strong nuclear force.
The nucleus attains variety of configurations even if a
small excitation energy is provided to it. The density of
nuclear levels increases rapidly with increasing excitation
energy [1, 2]. Thus, statistical models are not only appro-
priate but essential for the comprehension and prediction
of different nuclear decays at moderate and high excita-
tion energies. One of the important ingredients of the
statistical model is the nuclear level density (NLD) which
is defined as the number of excited levels per unit excita-
tion energy. The NLD has important contribution in the
calculations of explosive nuclear burning in astrophysical
environments such as nuclear reaction rates in nucleosyn-
thesis and reliable estimates of nuclear abundance [3, 4]
as well as in nuclear fission [5], multifragmentation [6]
and spallation reactions [7]. It also provides important
information about the nuclear thermodynamic properties
such as temperature (T), entropy and heat capacity [8].
The NLD is extracted experimentally from counting the
levels, neutron resonance studies [9], Oslo technique [10],
two-step cascade method [11], beta-Oslo method [12], γ-
ray calorimetry [13] and particle evaporation spectra [14].
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Theoretically, it has been characterized by phenomeno-
logical analytical expressions [1, 15, 16] as well as calcula-
tions based on different microscopic approaches [17–20].
Apart from the intrinsic excitation, the nucleus also
displays collective vibrational and rotational motion
analogous to atomic and molecular physics. These collec-
tive degrees of freedom introduce new levels up to mod-
erate excitation energies, and their contribution is de-
scribed as collective enhancement factor in the NLD. The
contribution of collectivity in the NLD ρ(E∗, J) at exci-
tation energy E∗ and angular momentum J is expressed
phenomenologically [15] as,
ρ(E∗, J) = ρint(E∗, J) ∗Kcoll (1)
where ρint(E
∗, J) is the intrinsic single particle level den-
sity and Kcoll is the collective enhancement factor. Al-
though, the NLD is indispensible in the study of nuclear
decay, the collective enhancement in the NLD is still not
a well understood topic due to the lack of experimen-
tal data. The magnitude and exact form of Kcoll still
remains an open question. Several expressions for Kcoll
exist in literature where the degree of enhancement varies
from 10 to 100 [19, 21–23]. On the other hand, the earlier
experimental studies have produced contradictory results
on the collective enhancement and its fadeout [23, 24].
Quite recently, our extensive studies on neutron evapo-
ration from several deformed nuclei have established the
fact that the fadeout of collectivity is related to the nu-
clear shape phase transition and occurs at an excitation
energy in the region of 14 - 21 MeV [25, 26]. While,
a sharp change in the value of inverse level density pa-
rameter (k), within the initial compound nuclear excita-
tion energy interval of 32-37 MeV, is observed for all the
2deformed nuclei (169Tm, 173Lu, 185Re), a weak effect is
observed for the near spherical 201Tl nucleus [26]. There-
fore, if there is an enhancement and its fadeout is in the
region 14 - 21 MeV, then that should be directly evident
in both neutron and giant dipole resonance (GDR) γ de-
cay spectra from the highly deformed rare-earth nuclei.
The GDR is another collective mode of excitation of
the nuclei which can be understood macroscopically as
the out-of-phase oscillation between the protons and neu-
trons [27, 28]. Microscopically, it is conceived as the co-
herent superposition of particle-hole excitations. It is an
indispensable tool in nuclear structure physics and has
been utilized recently to determine the ratio of shear vis-
cosity (η) to entropy density (s) of finite nuclear matter
[29]. The GDR γ emission occurs early in the decay of
excited nuclei and also couples directly with the nuclear
shape degrees of freedom. Thus, the investigation of its
strength distribution should provide information about
nuclear deformation and any enhanced yield will present
an experimental signature of the collective enhancement
in the NLD.
The experiment was performed using the alpha beams
(ELab = 28 MeV) from the K-130 cyclotron at the Vari-
able Energy Cyclotron Centre, Kolkata by bombarding
165Ho target. The compound nucleus 169Tm (ground
state deformation β ∼ 0.3 [30]) was populated at 26.1
MeV excitation energy. The critical angular momentum
for the reaction was 11h¯. The high-energy GDR γ rays
were detected at 90◦ and 125◦ with respect to the inci-
dent beam direction by employing the LAMBDA spec-
trometer [31], arranged in a 7x7 matrix, at a distance
of 50 cm. The time-of-flight (TOF) technique was em-
ployed to discriminate the neutrons from the high-energy
γ rays. The pulse shape discrimination (PSD) technique
was adopted to reject pile-up events in the individual de-
tector elements by measuring the charge deposition over
two time intervals (30 ns and 2 µs). However, the pile-up
events are very few due to high granularity of the detec-
tor array LAMBDA [31]. The 50-element low-energy γ
multiplicity filter [32] was used (in coincidence with the
high-energy γ rays) to estimate the angular momentum
populated in the compound nucleus in an event-by-event
mode as well as to get the fast start trigger for the TOF
measurements. The filter was split into two blocks of
25 detectors each of which were placed on the top and
bottom of a specially designed scattering chamber at a
distance of 4.5 cm from the target in staggered castle
type geometry. The neutron evaporation spectra were
measured using two 5′′ x 5′′ liquid-scintillator (BC501A)
[33] detectors (in coincidence with the multiplicity filter)
placed outside the scattering chamber at 120◦ and 150◦
with respect to the beam direction and at a distance of
150 cm from the target. The energy of the emitted neu-
trons was measured using the TOF technique whereas
the neutron-γ discrimination was achieved by both PSD
and TOF. The time resolution of the neutron detectors
was typically about 1.2 ns which give an energy resolu-
tion of about 0.9 MeV at 10 MeV for the present setup.
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FIG. 1: (color online) Schematic view of the experimental
setup.
To keep the background at a minimum level the beam
dump was kept at 3 m away from the target and was
well shielded with layers of lead and borated paraffin.
The schematic view of the experimental setup is shown
in Fig. 1. The details of the GDR [34–37] and the neu-
tron analyses [25, 26, 38] have already been discussed in
our earlier papers.
The neutron and the high-energy γ ray spectra, each
measured at two different angles, are shown in Fig. 2 (a)
and (c), respectively. As can be seen, the two spectra al-
most overlap with each other, which indicates that they
have originated from an equilibrated compound nucleus.
Most noteworthy is the large yield in both neutron energy
spectrum (beyond 6 MeV) and GDR γ ray (around 16
MeV) spectrum. This high energy GDR γ ray at 16 MeV
can only arise from fully energy equilibrated compound
nucleus since the nonfusion events are accompanied by γ
rays less than 10 MeV [39]. It is also interesting to note
that the GDR and the neutron decay explore the same
excitation energy region in the daughter nuclei 169Tm
and 168Tm, respectively. In order to explain the exper-
imental data, the neutron energy and the high-energy γ
ray spectra were calculated employing a modified ver-
sion of statistical model code CASCADE [40, 41]. The
shape of the particle spectra depends on the transmis-
sion coefficients of outgoing particles and the NLD of the
residual nucleus. The transmission coefficients for sta-
tistical model calculation were obtained from the optical
model where the potential parameters for neutron, pro-
ton and α were taken from Refs. [42], [43] and [44], re-
spectively. The experimental fold distribution measured
using the 50-element γ-multiplicity filter was converted to
the spin distribution through comparison with a GEANT
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FIG. 2: (color online) (a) The experimental neutron spec-
tra measured at two angles are compared with each other.
(b) The experimental neutron spectrum is compared with the
CASCADE calculation. (c) The experimental γ-spectra mea-
sured at two angles are compared with each other. (d) The
experimental γ-spectrum is compared with the CASCADE
calculation plus bremsstrahlung component. The enhance-
ment in the spectra and the contribution from different nuclei
are shown with arrows.
simulation and was used as input for the calculation [32].
The intrinsic level density used in the modified version
of CASCADE code is based on the Fermi gas model [1]
given as
ρint(E
∗, J) =
2J + 1
12θ3/2
√
a
exp (2
√
aU)
U2
. (2)
Here U = E∗ - J(J+1)2Ieff
- ∆p is the available thermal en-
ergy. J(J+1)2Ieff
is the energy bound in rotation and θ =
2Ieff
h¯2
, where Ieff is the effective moment of inertia. The
excitation energy is shifted back by the pairing energy
∆p which is calculated using the relation ∆p =
12√
A
. The
NLD parameter a is related to the single-particle den-
sity of states at the Fermi energy. The prescription of
Ignatyuk [45] was used for the level density parameter
which is given as a=a˜[1+(∆S/U)(1-exp(-γU))] where a˜
= A/k, ∆S is the shell correction and γ is the shell damp-
ing factor. This parametrization takes into account the
nuclear shell effects at low excitation energy and connects
smoothly to the liquid drop value at high excitation en-
ergy and found to explain the GDR data well [41]. How-
ever, the shell correction factors for Tm isotopes are very
small and less than 1.0 MeV [30].
It was observed that the variation in the transmission
coefficients (using different prescriptions) and the defor-
mation parameters were inconsequential. The shape of
the neutron energy spectrum was determined by the in-
verse level density parameter only. Similarly, the γ spec-
trum also depended only on the level density and the
GDR parameters. However, it was not possible to ex-
plain the enhanced yield obtained in both neutron and γ
spectra by changing the k value and the GDR parame-
ters even after taking into account the shell and pairing
effects in level density. Therefore, in order to explain the
experimental data, the intrinsic NLD (Eq. 2) was mul-
tiplied by an energy dependent empirical enhancement
factor parameterized as
Kcoll = 1 + C ∗ exp[−(U − Ecr)2/2σ2]. (3)
where C, Ecr and σ are the magnitude, peak and width of
the enhancement factor, respectively. At 26 MeV excita-
tion energy, the neutron spectrum has contribution from
1n (168Tm) and 2n (167Tm) decay channels. But, the
higher part of the spectrum (≥ 5 MeV) is totally domi-
nated from the first step decay. Hence, the neutron spec-
trum was analysed by including the enhancement factor
in the NLD of 168Tm nucleus. The extracted parame-
ters for 168Tm nucleus were k = 8.0 ± 0.4 MeV, C = 7
± 2, Ecr = 8.3 ± 0.5 MeV and σ2 = 1.0 ± 0.3 MeV2.
Next, the same parameters were used to explain the γ
spectra. As can be seen, the γ spectrum could be ex-
plained below 14 MeV but it was not possible to explain
the large yield at 16 MeV by varying the strength of the
GDR component (red dotted line in Fig. 2d). Therefore,
an enhancement was also included in the NLD of 169Tm
nucleus as the high-energy GDR decay will be dominant
from the first stage of the compound nuclear decay. The
extracted parameters for 169Tm nucleus were C = 11 ± 3,
Ecr = 9.0 ± 0.5 MeV and σ2 = 1.0 ± 0.3 MeV2. The ex-
tracted GDR centroid energy (EGDR), width (ΓGDR) and
strength (SGDR) were EGDR1 = 12.1 ± 0.4 MeV, ΓGDR1 =
3.3 ± 0.6 MeV, SGDR1 = 0.3 ± 0.04, EGDR2 = 16.0 ± 0.5
MeV, ΓGDR2 = 4.1 ± 0.7 MeV, SGDR2 = 0.72 ± 0.05. We
emphasize here that the extracted GDR centroid energies
are very similar to the ground state values of 165Ho (12.2
and 15.8 MeV) measured by livermore group [46, 47] and
also to those extracted for 166Er nuclei (having same de-
formation) at slightly higher temperature [48]. Our result
supports the predictions of Brink-Axel hypothesis. The
estimated deformation from the two GDR peaks is β =
0.32 similar to the ground state deformation of Tm nuclei
[30]. The bremsstrahlung component, as measured and
observed in our earlier experiments at similar beam en-
ergy [36, 49], was parameterized by an exponential func-
tion (e−Eγ/E0) where the slope parameter E0 was chosen
according to the bremsstrahlung systematics [50]. Inter-
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FIG. 3: (color online) The symbols represent the neutron
spectra (no enhancement in NLD) as calculated from CAS-
CADE with k = 9.5 MeV for the reaction 4He(ELab=40 MeV)
+ 165Ho studied earlier [25]. The same calculation (continu-
ous lines) but with k = 8.0 MeV and (a) no enhancment in
NLD of any nuclei and (b) enhancement in NLD of all the
three nuclei.
estingly, the enhancement factor used for 168Tm to de-
scribe the neutron spectrum, simultaneously explains the
γ spectrum between Eγ = 7 and 11 MeV. This enhance-
ment occurs due to the folding of the low energy tail of
the 12.1 MeV GDR component with the enhanced level
density region after the decay of one neutron populating
168Tm. Thus, almost similar enhancement was required
in the level density of both 168Tm and 169Tm to simulta-
neously explain the neutron and the GDR spectra. It is
also very interesting to note that no such enhancement in
the γ spectra was observed in our earlier experiments at
similar excitation energies for near spherical nuclei 97Tc
[36], 119Sb[49], and 201Tl[35]. It needs to be mentioned
here that a similar enhancement in NLD was observed in
the proton decay from 104Pd but at much lower effective
excitation energy (below 6 MeV) [51]. The enhancement
was explained considering pairing re-entrance at high an-
gular momentum [52]. However, the pairing effect does
not seem to be the plausible reason for the enhancement
in our case, as it has been found to play an important
role only below 6 MeV excitation energy and dominant in
even-even nuclei [8, 19, 52]. Therefore, the enhancement
in NLD for both 168Tm and 169Tm at similar excitation
energy primarily appears to be due to the collective en-
hancement owing to large deformation of Tm nuclei (also
observed experimentally via GDR).
Recently, a sudden change in the value of k from 8 to
9.5 MeV was obtained for several deformed nuclei indi-
cating the appearance and fadeout of collectivity [25, 26].
We illustrate how the collective enhancement is man-
ifested through the neutron evaporation spectra when
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FIG. 4: (color online) The enhanced level densities of 169Tm
(a) and 168Tm (b) at 11h¯ and 167Tm (c) at 16h¯ are shown
as used in the CASCADE. The Fermi gas level density is
also displayed for comparison. The level densities are not
in absolute scale as they are not normalised to experimental
data. The level density of 170Yb is compared with 169Tm. (d)
The relative enhancement factors extracted as a function of
excitation energy for three nuclei.
populated in the excitation energy range 32 - 37 MeV. A
statistical model calculation with k = 9.5 MeV for the re-
action 4He (ELab = 40 MeV) +
165Ho (performed earlier
[25]) is shown in Fig. 3 (symbols). The same calcula-
tion with k = 8.0 MeV (continuous line) is also displayed
along with the contributions from different decay steps.
As expected, the two calculations are completely different
in the higher energy region. However, the two spectrum
match very well when collective enhancement is included
in the calculation. As can be seen from Fig. 3b, the
1n channel does not see the enhanced region of 168Tm
and is unaffected. Interestingly, the cross section of the
2n channel in the higher energy region increases since it
probes the enhanced level density region. Thus, the en-
hancement factor of 167Tm was extracted by fitting the
spectra of k = 9.5 MeV (enhancement not included) with
5k = 8.0 MeV and the enhancement factor. The extracted
parameters are C = 9 ± 3, Ecr = 11 ± 1 MeV and σ2 =
1.0 ± 0.3 MeV2. It was not possible to extract the pa-
rameters of 3n channel decay populating 166Tm since its
contribution was very small (Fig. 3) and same enhance-
ment parameter as 167Tm was used for the calculation
(ELab = 40 MeV). Thus, the sudden change in the value
of k observed in the experiments for deformed nuclei is
due to the enhanced cross section of the 2n channel which
changes the slope of the neutron spectra. This is com-
pensated in the statistical calculations by changing the
k value when enhancement factor is not included. The
slope of the neutron spectra is mostly decided by the 1n
and 2n decay steps. Therefore, at further higher excia-
tion energy, the first two steps do not see the enhanced
level density region and thus, no signature of collective
enhancement is observed in the neutron spectra at higher
energies [26].
The enhanced level densities, for different Tm nuclei,
used in the statistical model calculation are shown in Fig.
4. An indication of such enhancement in the level density
beyond 7 MeV was also seen for 170Yb [53] obtained by
the Oslo technique and is compared with 169Tm in Fig.
4a. The collective enhancement factors are also displayed
independently in Fig. 4d (on a logarithmic scale) with
excitation energy. Since, neutron evaporation and γ ray
emission in the statistical model is decided by the ratio of
the level density of the daughter nucleus after particle/γ
ray emission to the compound nucleus, the observedKcoll
are relative collective enhancement factors. The magni-
tudes of Kcoll are similar to the microscopic shell model
Monte Carlo calculations for 154Sm nucleus having simi-
lar deformation (β ∼ 0.27) [19]. It is also consistent with
the prediction in terms of state density of nucleus and its
redistribution [54]. The enhancement region for all the
three Tm isotopes (having similar ground state deforma-
tion [30]) is almost same and the collectivity fades away
beyond 14 MeV corresponding to the temperature T =
0.82 MeV (Fig. 4d). Interestingly, the deformation is ob-
served directly via the splitting of the GDR strength but
the enhanced yield is obtained only for the 16 MeV GDR
component. This clearly points that the fadeout of the
enhancement is indeed around 14 MeV excitation energy,
else an enhancement in 12 MeV GDR component should
also have been prominent. This is also corroborated by
the neutron spectrum (Fig. 2c) where the enhancement
is observed beyond 6 MeV which corresponds to 12 MeV
excitation energy. Intriguingly, the result also suggests
that the fadeout of the collective enhancement occurs
much before the nuclear shape transition from deformed
to spherical as predicted by theoretical calculations [19]
and phenomenological estimations [22, 23]. One of the
reasons for this behavior could be the thermal shape fluc-
tuations (∆β) which increase with the increase in T, as
explained earlier for the same fadeout zone for differ-
ent deformations [26]. The calculations showed that the
nuclear deformation persists at the ground state value
up to T ∼ 0.8 MeV and then starts the gradual shape
change and becomes spherical at T ∼ 1.7 MeV. Thus,
at around T = 0.8 MeV, the ground state deformation
starts to decrease and the thermal fluctuations become
large (∆β/β = 0.25). This convolutes the static ground
state deformation which could lead to the loss of collec-
tivity. Microscopically, the origin of this enhancement in
NLD does not come from the levels or states created by
deformation. It appears due to the rearrangement of the
levels owing to deformation from higher energy to lower
energy which are in the original basis [54]. Hence, when
the ground state deformation changes slightly (T ∼ 0.8
MeV) and the role of thermal fluctuations becomes large,
the energy levels may once again be redistributed lead-
ing to the decrease in levels at that particular E* which
will appear as loss of collectivity even in the presence of
large deformation. However, further experimental and
theoretical insights are required to understand the de-
tails of such a unique behavior. In deformed nucleus the
enhancement also depends on J and K apart from U [18],
and further work is required to see their influence on the
enhancement factor.
In summary, we present an experimental evidence of
collective enhancement in NLD by measuring the GDR
γ rays and neutron decays from Tm nuclei. The rel-
ative enhancement factors estimated from the simulta-
neous analysis of GDR and neutron decays for all the
three Tm isotopes are of the order of 10. Our technique
only measures the apparent change in the enhancement
factor and is not sensitive to the magnitude of the vibra-
tional enhancement factor, unless it changes with energy.
The experimental result also shows that the collective en-
hancement fades away beyond 14 MeV excitation energy
which is much before the nuclear shape transition from
deformed one to spherical predicted by theoretical mod-
els.
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